Probing WW^j and ZZjj quartic anomalous couplings with 10 pb ^ at the LHC 
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We report on a possible measurement at the LHC using the first data and a luminosity of 10 pb~^ 
of W and Z pair production via two-photon exchange. This measurement allows to increase the 
present sensitivity on WW77 and quartic anomalous couplings from the LEP experiments 

by almost three orders of magnitude. 

PACS numbers: 



In the Standard Model (SM) of particle physics, the 
couplings of fermions and gauge bosons are constrained 
by the gauge symmetries of the Lagrangian. The mea- 
surement of W and Z boson pair productions via the 
exchange of two photons allows to provide directly strin- 
gent tests of one of the most important and least un- 
derstood mechanism in particle physics, namely the elec- 
troweak symmetry breaking [1,]. The non-abelian gauge 
nature of the SM predicts the existence of quartic cou- 
plings WW^^ between the W bosons and the photons 
which can be probed directly at the Large Hadron Col- 
lider (LHC) at CERN. The quartic couphng to the Z 
boson ZZjj is not present in the SM. 

The quartic couplings test more generally new physics 
which couples to electroweak bosons. Exchange of heavy 
particles beyond the SM might manifest itself as a mod- 
ification of the quartic couplings appearing in contact 
interactions Q . It is also worth noticing that in the limit 
of infinite Higgs masses, or in Higgs-less models [2| , new 
structures not present in the tree level Lagrangian ap- 
pear in the quartic W coupling. For example, if the elec- 
troweak breaking mechanism does not manifest itself in 
the discovery of the Higgs boson at the LHC or super- 
symmetry, the presence of anomalous — non SM like — 
couplings might be the first evidence of new physics in 
the electroweak sector of the SM. 

In this Letter, we will demonstrate that it is possible 
to probe quartic couplings between the W or Z and the 
photons at the LHC using the first data at low luminos- 
ity. The LHC is a proton proton machine with a nomi- 
nal center-of-mass energy of 14 TeV, located at CERN, 
Geneva, Switzerland. The first collisions are expected to 
occur towards the end of 2009 at a reduced center-of-mass 
energy of 10 TeV. A typical luminosity of 10 (100) pb~^ 
is expected to be accumulated in a few days (weeks). 

High energy colliders such as the incoming LHC are the 
natural place to look for anomalous quartic couplings be- 
tween the photon and the W or Z bosons. The process 



FIG. 1: Diboson production through two photon exchange. 
The intact protons in the final state are scattered at very 
small angles. 



we want to study at the LHC is depicted in Fig. [U and 
corresponds to pp — > pWWp. In this photon-induced 
process, the two quasi-real photons interact through the 
exchange of a virtual W , leading to a pair of Ws in the 
final state. The advantage of this kind of events is that 
they are extremly clean, there are two Ws (or Zs) which 
can be detected in the ATLAS or CMS central detec- 
tors while the intact proton leave undetected in the beam 
pipe. The cross section of this Quantum Electrodynamics 
(QED) process in the standard model is known precisely 
and is equal to 62 fb at a center-of-mass energy of 10 
TeV. 

In this Letter, we restrict ourselves to the implementa- 
tion of the genuine quartic anomalous jjWW and ^jZZ 
using the lowest dimension operators possible in the La- 
grangian. They are of dimension six and preserve by 
construction the custodial SU{2)c symmetry required to 
keep the p — M^^/{M^ cos'^ 9w) parameter to its ex- 
perimental value close to 1 where Mw, Mz and 6\y are 
respectively the W and Z boson masses, and the weak 
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mixing angle. In addition, they are not related to the 
anomalous triple gauge couplings in any way. The most 
general Lagrangians leading to anomalous WW'f-f and 
ZZjj quartic couplings are the following 0] 
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where W^°' and are the W and Z boson fields, and 
Ffiv = d^A^ — d^A^ the electromagnetic tensor. The 
new scale A is introduced so that the Lagrangian has the 
correct dimension 4 and can be interpreted as the scale 
of new physics. In this Lagrangian, the W and Z parts 
are allowed to have their specific parameters a^, a^, 
and Uq. Such Lagrangian conserves C, P and T parities 
separately, and represents the most natural extension of 
the SM. 

The current best 95% confidence level (C.L.) limits 
on the parameters of quartic anomalous couplings were 
determined by the OPAL Collaboration [4] where the 
quartic couplings were measured in e+e~ — > W^W~^, 
e^e~ —>■ 1/1/77 (for WW^j anomalous couplings), and 
e~^e~ qq^j (for ZZjj couplings) with center-of-mass 
energies up to 209 GeV and are given in Table HI 

The scattering amplitudes are quadratically divergent 
for all anomalous coupling parameters. The steep rise 
of the cross section at high energy leads immediately 
to the violation of unitarity. The tree level unitarity 
uniquely restricts the WW'f-f couplings to the SM values 
at asymptotically high energies. This implies that any 
deviation of the anomalous parameters a^/A^, Qq/A^, 
a^/A^, Op'/A^ from the SM zero value has to be multi- 
plied by a form factor which vanishes in the high energy 
limit and which introduces a regularization of the cross 
section at the new physics scale. At LEP, where the 
center-of-mass energy was rather low, the wrong high 
energy behaviour did not violate unitarity; however, it 
must be reconsidered at the LHC. We therefore modify 
the couplings using the form factors that leave the cou- 
plings at small energies the same but suppress their effect 
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The exact form of the form factor is not imposed but 
rather only conventional and the same holds for a value 
of the exponent n. corresponds to the scale where 
new physics should appear. At the LHC, usual values for 
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FIG. 2: Transvserse momentum of the leading lepton for the 
quartic anomalous coupling signal and the different SM back- 
grounds. 



the n and A parameters are respectively 2 and 2 TeV [11 . 
The cross sections corresponding to the Lagrangian of 
^ for WW and ZZ productions as well as the different 
backgrounds were implemented in the Forward Physics 
Monte Carlo (FPMC) |6|]. Technically, the scattering am- 
plitudes were computed using the CompHEP 7] Monte 
Carlo and implemented in FPMC so that the decay and 
hadronization of the different particles can be performed 
using HERWIG 

In the following, we will study the sensitivity on quar- 
tic anomalous and couplings using the first data 
to be taken at the LHC, and namely a luminosity of 10 
(or 100) pb^^ which can be accumulated in a couple of 
days or weeks at a center-of-mass energy of 10 TcV. The 
results were obtained using a fast simulation of the AT- 
LAS detector using ATLFAST-I— I- ^ and similar results 
could be obtained using the CMS detector. We are con- 
sidering W pair production in the ATLAS detector (see 
Fig. [T|) , and to simplify the study, we limit ourselves to 
the leptonic decays of the W pair to electrons or muons. 
This avoids many issues to be considered in the first days 
of data taking in the ATLAS or CMS experiments con- 
cerning the jet energy calibration or the jet triggers when 
one uses the hadronic decays of the W pairs. The signal is 
characterised by the presence of two high transverse mo- 
mentum (pt) leptons (electrons or muons) reconstructed 
in the ATLAS central detector, and the absence of any 
other reconstructed object or energy flow since the scat- 
tered protons leave undetected in the beam pipe. The 
signature of such events is thus very clear and the po- 
tential inclusive and exclusive backgrounds can be easily 
rejected as we will see in the following. To trigger on 
such events is also simple since a high pT single lepton 
or dilepton unprescaled trigger can be used. 

Different backgrounds have to be taken into account 
for the WW production, namely the non-exclusive W 
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pair production, the dilepton production through 7 or 
Pomeron exchange, and the W difTractive production. 
The Pt distribution of the events with a WW'yy anoma- 
lous couphng ajf — 4 10"^ GeV^ (which means a value 
about two orders of magnitude smaller than the LEP 
limit) is given in Fig. [21 together with the different back- 
grounds. After requesting the presence of two recon- 
structed leptons (electrons or muons) in the main ATLAS 
detector of pt > 10 GeV, the number of background 
events for 10 pb"^ is respectively 17.4, 6.0, 0.003 and 
0.03 for dilepton production through 7 exchange, dilep- 
ton diffractive production, and W pair production via 
Pomeron or photon exchange in the detector acceptance. 
In Fig [21 we already see that the pT of the leading lepton 
extends to much higher values for the signal events than 
for the background. 

Let us now discuss each background in turn. The non- 
diffractive W pair production is suppressed by request- 
ing the presence of two leptons and nothing else in the 
ATLAS detector since the inclusive background always 
shows some hadronic activity in the calorimeter or in the 
forward part of the tracking detector. This background 
is thus found to be negligible after the exclusivity cut. 
It is worth noticing that this cut requires that we con- 
sider only low instantaneous luminosity when only one 
interaction occurs per bunch crossing. At higher instan- 
taneous luminosity, the proton tagging using dedicated 
detectors will be needed [l0[. The dilepton production 
through photon exchange (QED process) is suppressed by 
requesting the presence of a leading lepton with px > 160 
GeV, and of missing energy greater than 20 GeV, which 
is natural when one requests the presence of two Ws. 
The pure SM W pair background (without any anoma- 
lous couplings) via photon exchange is small since the 
value of the cross section is low (62 fb) and it is fur- 
ther suppressed by requiring a reconstructed lepton with 
Pt > 160 GeV. The diffractive production of dileptons 
or W pairs via double pomeron exchange (DPE) were 
studied using the FPMC Monte Carlo. The quark and 
gluon structure of the Pomeron was taken using the HI 
parametrisation of the Pomeron [ll[ with a survival prob- 
ability at the LHC of 0.03 [13] (the survival probabilty in 
the case of 7-induced processes is 0.9). This background 
suffers more uncertainties than the photon exchange pro- 
cesses since it is less understood theoretically but it leads 
to a negligible background after the exclusivity cut. After 
all cuts, the background is found to be negligible. As an 
example, the number of events for signal for aQ'/A^=2. 
lO"'' is 19 before cuts in the detector acceptance and 12 
after cuts, showing that the signal is not much affected 
by the cuts we introduced. The number of events after 
the different cuts as a function of the value of the anoma- 
lous coupling is given in Fig.[3l left, for a luminosity of 10 
pb"^. We already see that the reach on the anomalous 
coupling and is expected to be much better than 
at LEP by more than two orders of magnitude. 



We also studied the effect of the anomalous ZZjj cou- 
plings Oq and Qq. The cuts are even simpler since two 
leptons of the same charge are produced when the Z 
bosons decay leptonically. We thus request two like sign 
leptons or three reconstructed leptons and the pt of the 
leading lepton is larger than 100 GeV. All background is 
found to be negligible after those cuts. 

The sensitivity on anomalous coupling is depicted in 
Fig. [21 right, where the 5cr discovery contours are dis- 
played in the plane (a^, a^), or (a^, a^) for two differ- 
ent values of the accumulated luminosity of 10 and 100 
pb"^. The reach on the different anomalous couplings 
is also given in Table [H At LHC energies, the cross sec- 
tions are the same for negative and positive values of the 
anomalous couplings and the obtained sensitivities are 
symmetric. We note that the LEP sensitivity on quartic 
anomalous couplings can be increased by two or three 
orders of magnitude depending on the coupling with a 
low luminosity of 10 or 100 pb"^. By comparison, the 
gain on trilinear gauge coupling is not that stringent with 
respect to LEP [1^. 



Couplings 


OPAL limits 
[GeV-2] 


Sensitivity 
5cr 


@ £ = 10 (100) pb"' 
95% CL 




[-0.020, 0.020] 


2.2 10"* 
(7.3 10"^) 


1.0 10-" 
(3.3 10-'^) 




[-0.052, 0.037] 


5.9 10"* 
(2.4 10"*) 


3.5 10-* 
(1.1 10-*) 




[-0.007, 0.023] 


1.0 10"^ 
(3.7 10-*) 


5.2 10-* 
(1.7 10-*) 




[-0.029, 0.029] 


3.0 10-'' 
(1.3 10-^) 


1.8 10-^ 
(5.9 10-*) 



TABLE I: Limits on anomalous coupling coming from the 
LEP OPAL experiment. Sensitivity at low luminosity. The 
5a discovery potentials as well as the 95% C.L. limits are 
given for 10 pb-^ and 100 pb-^ in parenthesis. 



In this Letter, we described a new study to be per- 
formed using the first data at the LHC at a center-of- 
mass energy of 10 TeV using a luminosity of 10 or 100 
pb"^. Through the measurements of WW and ZZ pro- 
ductions via photon exchange at the LHC when the Z 
or W bosons decay leptonically, it is possible to improve 
the sensitivity on the jjWW and jjZZ anomalous cou- 
plings by almost three orders of magnitude with respect 
to the LEP sensitivity. This will be one of the most strin- 
gent tests of the electroweak symmetry breaking at the 
beginning of the LHC which will happen before the search 
for the Higgs boson and might lead to a first evidence for 
effects beyond the Standard Model via the indirect effects 
of a heavy scalar particle or an indirect test of Higgs-less 
models. 
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FIG. 3: Left: Number of signal events after cuts as a function of the value of the quartic anomalous coupling for 10 pb ^ at 
the LHC. Right: 5a discovery contours for the WW and ZZ quartic anomalous couplings at ^/s — 10 TeV for luminosities of 
10 and 100 pb-^ 
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